The distributions of insecticide-treated cattle from sites in Tanzania and Zimbabwe were assessed from interviews with livestock owners, analysis of secondary livestock data and mapping technologies. The time-course of tsetse control operations at these sites were then simulated using a mathematical model that assumed diffusive movement and logistic growth in fly populations. A simulation of a tsetse control operation in Mudzi district, north-east Zimbabwe, was in accord with observations that the use of insecticide-treated cattle was unable to prevent substantial re-invasion of tsetse from Mozambique, consequent on the patchy distribution of cattle. The simulation was also consistent with the observed efficacy of a 10-km wide barrier of insecticide-treated targets deployed evenly at 4 km -2 . Simulation of a control operation on Mkwaja Ranch in Tanzania was in accord with the observation that the use of insecticide-treated cattle reduced the tsetse population on the ranch by c. 90%. Insecticide-treated cattle were used to better effect in the Kagera Region of Tanzania. Simulation of this operation predicts that the deployment of 35,000 treated cattle in the area would result in > 99% control of the tsetse population, consistent with the observed decline, by 1-2 orders of magnitude, in cases of trypanosomiasis in the region. The greater success of the Kagera operation was due to the size and shape of the treated area and, particularly, to the restriction of re-invasion to 20% of the perimeter, compared with > 80% on Mkwaja. Simulation was used to assess how tsetse control could have been improved at Mkwaja. The results suggest that splitting herds into smaller, more numerous, units could have achieved some improvement but, in general, the disease problem would not have been solved by the use of insecticide-treated cattle alone. Only by deploying odourbaited targets in ungrazed areas, or in a 1-3-km barrier around the ranch, could substantially better control (99-99.9%) have been achieved. Sensitivity analyses of the Mkwaja simulation showed that the general conclusions were robust to assumptions regarding cattle distribution and the rates of fly movement and growth. Properly managed and appropriately applied insecticide-treated baits are powerful weapons for tsetse control but should not be used without regard to potential levels of re-invasion, consequent largely on considerations of the size and shape of the treatment area and the density and distribution of the baits.
Introduction
Tsetse flies (Diptera: Glossinidae) have been controlled successfully using insecticide-treated cattle in a number of operations (Chizyuka & Liguru, 1986; Thompson et al., 1991 Thompson et al., , 1992 Bauer et al., 1992 Bauer et al., , 1999a . Elsewhere, however, the approach has failed to achieve the desired level of disease control (Fox et al., 1993; Leak et al., 1995; Warnes et al., 1999) . Insecticide-treated targets and traps have, similarly, been used with varying success in different parts of Africa (Laveissière & Couret, 1981 , 1982 Vale et al., 1986 Vale et al., , 1988 Dransfield et al., 1990) . Hargrove et al. (2000) suggested that success depended in part on the size and shape of the control areas, and the number and density of treated cattle. If the area treated is small, and is surrounded by tsetse-infested country, reinvasion pressure will prejudice control efforts. This is a generic problem for all tsetse control techniques. In the particular case of insecticide-treated cattle, the patchy distribution of baits, necessitated by the practical imperatives of corralling, grazing and watering cattle, may also mitigate against success (Baylis & Stevenson, 1998; Warnes et al., 1999; Rowlands et al., 2000) 'Bait' methods of tsetse control (Laveissière et al., 1990 ) rely on attracting tsetse to point sources, and then killing or sterilizing them, using traps, insecticide-treated targets and livestock. The dynamics of the control process are similar in each case and the results of campaigns using different baits can be analysed using similar methods. Hargrove (2003) used numerical solutions of an analytical model (Williams et al., 1992) to simulate the time-course of changes in tsetse populations during the first large-scale use of odour-baited targets against savannah tsetse, in the Rifa Triangle of Zimbabwe (Vale et al., 1988) . The same approach is adopted here in analysing control operations involving the use of insecticide-treated cattle in Zimbabwe (Warnes et al., 1999) and Tanzania .
The aim is to use simulation to assist in the planning of future control operations. In particular, it should be possible to use information on cattle and tsetse distribution to predict the effect, on tsetse populations and trypanosomiasis levels, of treating some or all of these cattle with insecticide. This will permit the identification of situations where this control option does, or does not, make economic sense. The longterm aim, not addressed here, is to provide a rational basis for choosing between various control options, taking due account of biological, economic and sociological factors.
Materials and methods

Study areas
The results of three tsetse control operations are modelled:
1. Mudzi District, north-east Zimbabwe, where tsetse were eradicated from the district in the late 1980s using bait technology. The area is subject to re-invasion from Mozambique (Shereni, 1990 ) and a combination of odourbaited targets (Vale et al., 1988) and insecticide-treated cattle have accordingly been deployed along the border to prevent re-infection with trypanosomiasis. In 1996, the targets were removed from a c. 40 km section of the barrier for a trial period of six months, to assess the effectiveness of using 5400 insecticide-treated cattle as a 'living' barrier (Warnes et al., 1999) .
2. Mkwaja Ranch, Tanga Region, north-east Tanzania which recently has had populations of up to 14,000 cattle, and a long history of trypanosomiasis problems (Fox et al., 1993) . In 1989, ~8000 cattle grazing over a 250 km 2 area were treated with a pyrethroid to control tsetse. Records were kept of the changes in disease prevalence, trypanocidal drug use and catches of tsetse in odour-baited traps after the initiation of the control measure. 3. The National Ranching Company (NARCO) ranches in the Kagera Region, north-west Tanzania and adjoining farming areas in Bukoba and Karagwe Districts. This area has also, over the years, been subjected to ground and aerial spraying and bush clearing operations. Following the promising results of the use of pyrethroids on Mkwaja Ranch, the same approach was followed on the NARCO ranches from 1991 onwards. Warnes et al. (1999) and Hargrove et al. (2000) describe the study areas in Zimbabwe and Tanzania and provide qualitative arguments for the different outcomes of the operations in the three areas. The present aim is to model the control process quantitatively. To facilitate this process, further detailed studies were necessary to estimate the distribution of insecticide-treated cattle in Mudzi District, Zimbabwe, and Mkwaja Ranch, Tanzania.
Mudzi District, Zimbabwe
Studies in Zimbabwe focused on cattle owners in the area lying between the Ruenya and Nyamusandzura rivers where tsetse penetrated the barrier of insecticide-treated cattle (Warnes et al., 1999) . This area, which covers 37% of the trial barrier considered by Warnes et al. (1999) , lies within Chikwizo A ward or the Ruenya wildlife management area ( fig. 1 ).
Cattle numbers and herd composition
Cattle numbers were estimated from three sources: (i) Zimbabwe Department of Veterinary Services monthly records of the numbers of cattle registered at each animal inspection centre; (ii) cattle numbers, owners' names and household and kraal ('boma' in East Africa) details recorded at a government-funded dipping exercise in February 1999; and (iii) group meetings arranged with headmen ('Kraalheads') and livestock owners from the six villages in the ward, at which the participants provided details of the number and composition of their stock holdings.
Cattle distribution
Roads, rivers, tracks, hills and dams, village, ward and national boundaries, and vegetation were marked using Government of Zimbabwe maps and the 1997 national aerial survey photographs (scale 1:50 000 in all cases). Villagers and farmers at group meetings indicated their understanding of village boundaries with reference to features such as trees, boulders and road junctions. These de facto positions were recorded using a geographical positioning system (GPS; Garmin XL, Garmin, Romsey, UK).
Farmers at group meetings indicated homestead positions, grazing areas, watering points, seasonal differences in use and the minimum and maximum distances travelled. As a check on the details, different grazing areas were surveyed on foot and the positions of any herds found were recorded using a GPS. Individual kraal locations were similarly recorded. Herders were also asked about their kraaling practices, grazing areas and water-points.
These surveys were conducted in February, July and October 1999 during the: (i) wet season, (ii) cool-dry season, after crops had been harvested, and (iii) the hot-dry season. In the hot season (September-November), grazing herds were not accompanied by herders and thus the grazing ranges of ten different herds were mapped by field assistants who followed a herd for a day using a GPS programmed to record their position at 2-min intervals.
Mkwaja Ranch and NARCO ranches, Tanzania Cattle numbers and distribution and tsetse catches
Cattle numbers at each of Mkwaja ranch's kraals, and trap catches of tsetse, were collated from ranch records. Mapping of the area, and assessment and checking of grazing patterns were carried out as in the Mudzi study. Cattle numbers for the NARCO ranches were obtained from ranch records. Regional veterinary authorities provided trypanosomiasis figures for the Kagera region. See Hargrove et al. (2000) for further details of the Tanzanian studies. 
Analysis of spatial data
Spatial data from Mudzi and Mkwaja were incorporated into a Geographical Information System (GIS) using the software package Arcview (ESRI, Aylesbury, UK) for analysis. For Mkwaja Ranch and Mudzi, the study areas were divided into a grid of 1-km 2 cells and the probabilities of finding a herd in any given cell was estimated as follows.
Consider a kraal at Mkwaja, or a village in Mudzi, containing n herds which graze over an area of g 1-km 2 cells. For one herd from the kraal, the probability of one of the g cells containing that herd is 1/g, assuming equal probability across the area in question. The probability of a cell not containing this herd is 1-(1/g), and of not containing any of the n herds is (1-(1/g)) n . The probability (p) that a cell contains at least one herd is thus:
The grazing ranges of different kraals, or villages, overlapped. For cells within the grazing range of two kraals (a and b) define p a and p b as the respective probabilities of them containing a herd from kraal a or b. Then the probability of the cell not containing a herd from either kraal a or kraal b is (1-p a )(1-p b ) and the probability (h) of the cell containing at least one herd from one of these kraals is:
This approach was generalized for a cell within the range of any number of kraals or villages.
Population growth and movement
Tsetse growth and movement was modelled as described by Williams et al. (1992) and Hargrove (2000 Hargrove ( , 2003 . The model assumed diffusive movement at rate α and logistic growth at rate r per unit time, to a carrying capacity K. During control campaigns, there is an additional instantaneous mortality rate (δ). The time-course of population change was modelled using the Microsoft © Excel spreadsheet programme and associated macros written in Visual Basic for Applications. Cells in the spreadsheet represented units of land. At each time step the model defined how the population in a given square grew, due to births in that square and to immigration from laterally adjacent squares.
Imposed mortalities
Targets or traps
If p T is the probability that a fly contacts a target on a given day, then the probability (q T ) that it does not contact it is q T = 1 -p T . With a target density of s km Ϫ2 the total added instantaneous mortality (δ T ) is then:
As an example, for a target density of 4 km Ϫ2 , and if each target kills 2% per day of the female tsetse population, then δ T = -4 log e (0.98) = 0.0808.
Treated livestock
Here the calculations are not as simple because the baits are generally distributed in herds. The baits within the herd are not thus independent of each other and this clumping or herding effect needs to be accounted for. It is also necessary to deal separately with the cases where the treated animals are stationary and when, as is more usual, they move around the tsetse habitat.
The effect of herding on expected levels of control in stationary herds
In an experiment carried out at Rekomitjie Research Station, Zimbabwe, tsetse were trapped using as bait the odour produced by animals held in a ventilated shed (Hargrove et al., 1995) . The index of tsetse catches (C) changed as a power function of the mass (M, in tonnes) of cattle in the shed. For female Glossina pallidipes Austen the function was:
The probability (p M ) that a given fly in 1 km 2 around the herd visits that herd on a particular day is C divided by a constant proportional to the fly density. An explicit formula for p M can be derived using the information that a single odour-baited target kills about 2% of the female G. pallidipes per day (Hargrove, 2003) . Experiments carried out at Rekomitjie (S.J. Torr, unpublished) have shown that the number of tsetse killed by such a target is similar to that killed by a 400-kg ox. Thus:
Note that samples of tsetse from stationary baits are strongly biased towards 'hungry' flies (Hargrove, 1999) . Thus p M , which is a gross average for all (female) flies, overestimates the probability for recently fed flies and under-estimates it for 'hungry' flies. Moreover, the probability relates only to stationary baits. Probabilities for mobile animals are undoubtedly higher but there are no reliable quantitative estimates for this situation. Table 1 shows the estimated values of p M for herds of different sizes. The probability that a fly does not find the herd is q M = 1 -p M and this can be regarded as the probability that a fly in the neighbourhood of the herd 'survives' the hazard of that herd. If the mortality is a Poisson process with parameter δ (the instantaneous mortality) then δ = Ϫlog e (q M ) (Seber, 1982) . If there are n such herds, of masses M(1), M(2) .. M(n), respectively, and if each of these herds is assumed to be act independently in the area, the total imposed instantaneous mortality (δ G ) due to all n herds is then:
For tsetse control purposes, it is better to have treated animals in a large number of small herds rather than a small number of large herds (table 1) . The results suggest a conditional probability of ~0.22 that a female G. pallidipes in a given cell will visit a herd of, say, 150 cattle on any given day, given that the herd is present in that cell. To get the probability of contact between the fly and a given herd, the probability of 0.22 is multiplied by the probability that the herd is actually in the cell on the day in question.
Results
Mudzi District, Zimbabwe Cattle management practices
Some 2200 cattle were present in the Chikwizo A ward and of these, c. 700, c. 600 and c. 300 were owned by households from the western villages of Kanyoka, Nyamukacha and Nyamhasa, respectively. Aerial photographs also showed that in 1997, farming activities within Chikwizo A ward were concentrated towards the western edge of the ward, with virtually no signs of agriculture within 4 km of the border with Mozambique or the Ruenya and Nyamusandzura rivers ( fig. 1 ). Ground surveys of kraals, undertaken in 1999, were in general agreement with the patterns derived from the aerial photographs taken in 1997, with few kraals being found in the northern, eastern or southern margins of the ward.
The distribution of herd sizes was skewed and data were normalized by a log-transformation. The geometric mean number of stock held by cattle-owning households was 8 (n = 203, range = 1-37) cattle comprising: 28% oxen, 7% bulls, 44% cows and heifers and 21% calves. Geometric mean sizes of grazing herds recorded in February (n = 36), July (n = 45) and October (n = 97) 1999 were 13 (range = 2-98), 13 (3-62) and 12 (2-113) respectively.
Owners reported that cattle left their kraals between 0800 h and 1000 h and returned between 1600 and 1800 h. During the dry season, livestock were not accompanied by herders and reportedly left earlier (0500-0600 h) and returned between 1400 and 1900 h. Direct observation broadly supported these reports with the qualification that in the dry season, cattle tended to remain in the vicinity of the kraal until c. 0800 h. Cattle were rarely left out overnight for fear of stock theft.
Most livestock owners said that they herded their own livestock but that herds often met in the grazing areas. This agrees with the fact that the mean size of herds observed grazing (mean = 13 animals) was larger than those owned by individuals (c. 8). Herders in Mudzi grazed their goats with the cattle; average herds observed in February, for instance, comprised 17 goats in addition to 13 cattle. The average liveweight of cattle attending a dip-tank at Mudzi in January 1999 was 260 kg. Hence, the aggregate weight of cattle in an average herd was about 3400 kg. The total mass of the herd, including goats and other small stock, was about 4 tonnes.
Most grazing herds were observed < 3 km from their kraals and none was seen within 2 km of the ZimbabweMozambique border. Ten herds tracked continuously as they grazed during the hot season showed a linear geometric mean displacement of 1.9 km (range = 1.1-4.7 km) from their night kraals.
The paucity of people and cattle near the ZimbabweMozambique border was largely a consequence of conflicts associated with Zimbabwe's war of Independence in the 1970s and raids by the RENAMO organization in the 1980s. In particular, a minefield running along the border poses a risk to people and livestock.
Tsetse control simulations
Insecticide-treated cattle were used in an area of c. 165 km 2 of Chikwizo ward ( fig. 2) . When odour-baited targets were present they were deployed at a density of 4 km Ϫ2 in a band 10 km broad running through the District, extending to the north and to the south of the area in which cattle were treated with insecticide ( fig. 3) . A barrier of insecticidetreated cattle and targets had been in place for eight years prior to the onset of the trial of insecticide-treated cattle. Accordingly, at the start of the simulation, it was assumed that the District was tsetse free. There was, however, a constant threat of re-invasion from across the border in Mozambique, where the tsetse population was assumed to start at 100% of carrying capacity.
Preliminary simulations were performed to assess the extent to which tsetse penetrated the target barrier. Simulation of a target-based operation in the Rifa Triangle of Zimbabwe (Hargrove, 2003) indicated that each target kills c. 2% per day of the female G. pallidipes population. When the model was allowed to run for a year, with this kill rate, there was little effective invasion into the Mudzi District. Tsetse penetrated a few km into the target barrier but did not reach the hinterland beyond it (fig. 4) . These results accord with theoretical and practical work carried out in Zimbabwe on the efficacy of wide target barriers as agents against re-invasion (Hargrove, 1993; Muzari & Hargrove, 1996; Muzari, 1999) .
When the target barrier was replaced with insecticidetreated cattle, simulation indicated that re-invasion from Mozambique would be substantial ( fig. 5) , as was observed in practice. In keeping with the actual findings of Warnes et al. (1999) the largest predicted tsetse populations were Table 1 . The effect of changing herd size, and number of herds per km 2 , on the probability that a tsetse fly will visit a herd on a given day. 
Mkwaja Ranch, Tanzania Cattle management practices
Between 1989 and 1999, the population of Zebu Boran cattle at Mkwaja varied between c. 6000 and c. 14,000 animals. At night the cattle were kept in kraals, with each holding between c. 150 and c. 1700 animals. For grazing purposes, the animals from each kraal were divided into herds of 150, which grazed separately between 0700 h and 1800 h to the limits of the ranch. While recognizing that a few dense thickets prevented cattle from grazing some areas, the ranch management aimed to produce an even coverage of herds across the ranch. Random herd tracking and surveys, and interviews with herders, suggested that management instructions were generally followed. Herds did not penetrate the dense thickets, range > 1 km beyond the ranch boundaries and/or > 4 km from their night kraals.
Tsetse control simulations
For subsequent analyses, it was assumed that for each kraal, cattle did not penetrate thickets or range beyond the ranch boundaries but otherwise had equal probability of being anywhere within 4 km of their night kraal. For kraals unaffected by ranch boundaries and thickets, the grazing area was thus a circle of c. 50 km 2 centred on the kraal.
On any particular day during 1989, 23% of the 1-km 2 cells on Mkwaja had у 20% chance of having a herd of 150 insecticide-treated cattle grazing on it ( fig. 6 ). On the other hand, 46% of the cells had < 10% chance. This patchy cover of the ranch resulted from the fact that considerable areas were covered by dense thicket, impenetrable to the cattle but inhabited by game animals such as warthog (see fig. 5 of Hargrove et al., 2000) .
Using the data from table 1 it was assumed that a female G. pallidipes had a daily probability of 0.22 of contacting one 208 J.W. Hargrove et al. fig. 1, inset) . Each cell denotes 1 km 2 and the numbers within each cell give the percentage probability that a herd (mean aggregate weight = 4 tonnes) of insecticide-treated cattle will be found in that cell on any day.
of the above herds, if it was present in a 1-km 2 cell on a given day. Other input parameters are given in the legend of the figure. After a year of control using the given cattle distribution ( fig. 6 ) predicted tsetse numbers declined by > 90% in the areas of heavy grazing ( fig. 7 ). Elsewhere, particularly over much of the periphery of the ranch, they declined by only 20-60%. The geometric mean of the tsetse population, calculated over c. 90% of the ranch ( fig. 7) , was used as a measure of the overall effect of the treated cattle. The pattern of the predicted decline in this mean ( fig. 8) is consistent with the data of Fox et al. (1993) for G. pallidipes and with their observations of a substantial reduction in cases of trypanosomiasis and a significant improvement in herd health. The broad agreement with the entomological data lends some confidence to the predictions of the model. Further investigations were carried out to see how the predictions varied with changes in input data and parameters. A feature of the modelling was that the mean predicted population always declined, within a year, to a new equilibrium level (see fig. 8 as an example of this trend). This is also consistent with the fairly constant numbers of G. pallidipes trapped on the ranch between 1993 and 1997 (see fig. 7 , Hargrove et al., 2000) . Comparisons between the predictions of various runs of the model can accordingly be made between the predicted mean populations one year after the start of any run.
Despite the undoubted beneficial effect of the insecticide treatment on disease levels, the predicted effect on the tsetse population fell far short of eradication, consistent with the continuing tsetse and trypanosomiasis problems experienced at Mkwaja . Reduced efficacy of control was due in part to the declining numbers of treated cattle on the ranch. Total herd size fell from 13,900 in September 1991 to 11,000 by September 1995, then sharply to < 9000 by the end of that year . The model predicted, however, that these variations did not markedly affect levels of suppression. For instance, assuming a natural growth rate of 1.5% per day, the 1991 cattle population of 13,900 animals should reduce the tsetse population to a new equilibrium level of c. 10% of the carrying capacity ( fig. 9 ) compared to c. 15% for years, such as 1989, when there were fewer cattle.
The sensitivity of the results to the assumed levels of the various inputs was analysed by varying each input parameter in turn. If the probability of a fly contacting a herd was actually lower than the assumed figure of 22% per day, the effect on the tsetse population was of course smaller ( fig.  9 ). Even if treatment levels were only half of the supposed figure, however, the resulting level of control would still be Insecticide-treated baits for tsetse control 209 Fig. 3 . The distribution of odour-baited targets in the Mudzi district of north-east Zimbabwe. Cells with a value of 4 denote areas where targets were deployed at 4 km Ϫ2 . Areas on the map as in fig. 2. c. 80%. Thus, since the interest centres on order-ofmagnitude changes in control levels, errors in the selection of the value of δ in the above modelling procedure will not seriously affect the conclusions drawn. Changes in population would be greater than predicted if the tsetse population's natural growth rate was overestimated. When this input parameter was halved, the predicted decline in the tsetse population was more rapid, but still did not approach eradication ( fig. 9 ). The predicted changes in tsetse populations also depended on the assumed diffusion coefficient, emphasizing the importance of re-invasion. Again, however, as long as the true value of this parameter was not greatly different from a value of 0.04 km 2 day -1 , equivalent to a 'step length' of 400 m day -1/2 , the predicted level of control was always of the order of 90% (fig. 10 ). The point is that Mkwaja is a fairly small area and is almost entirely surrounded by tsetse infested country. Even modest levels of movement are therefore sufficient to frustrate local tsetse control efforts. This problem is compounded by the presence, within the ranch, of patches of thicket harbouring untreated populations of tsetse.
A markedly better result would only be expected for flies which move very slowly. In this regard it is noteworthy that G. morsitans morsitans (Westwood), which is less mobile than G. pallidipes (Vale et al., 1984) , seems largely to have disappeared from Mkwaja since the introduction of insecticide-treated cattle. The species difference may not, however, be entirely due to rates of movement since the increasingly overgrown nature of the vegetation on Mkwaja may be less suitable for G. m. morsitans. Since this species is less of a thicket species than G. pallidipes, its distribution presumably followed that of the cattle population more closely and it was therefore more effectively controlled.
Improved levels of control could be effected using the same numbers of insecticide-treated cattle, in the same pastures, by splitting the herds into smaller units (see Materials and methods). For instance, a fly finds a single herd of 75 animals in a 1-km 2 area with probability 0.155 (table 1) . If there are two such herds the probability is 1-(1-0.155) 2 ≈ 0.287. This is markedly greater than the probability for a single herd of 150 animals and nearly as large as the probability for a single herd of 300 animals ( The model predicts that this change in herding pattern would result in a further halving of the post-treatment equilibrium tsetse population ( fig. 10 ). Further reductions could be effected if odour-baited target were deployed on the ranch -either in the areas that are not used by the cattle for grazing, or simply on the borders of the ranch acting as a partial barrier to re-invasion ( fig. 11) .
A combination of smaller herd size and a judicious use of targets might thus have been used on Mkwaja to reduce the tsetse population to 1% of its original carrying capacity. This level of control might have allowed the management to stop using Samorin ® as a prophylactic against trypanosomiasis but it would not have removed the trypanosomiasis problem entirely. Similar levels of control would have been achieved if odour-baited targets had been used on their own, within the ranch boundaries only, at a density of 4 km Ϫ2 (fig. 12) .
Study of the details of the tsetse population distributions on and around the ranch shows that, for all configurations of the model tested here, tsetse numbers increased rapidly once one moved away from the ranch boundary. This accords with the recent simulation studies on the results of the use of odour-baited targets in Zimbabwe (Hargrove, 2003) and implies that there is strong re-invasion pressure. It may be concluded that no control operation, which is restricted to the area of the ranch alone, will provide satisfactory relief from trypanosomiasis.
Even a modest effort just outside the borders of the ranch would, however, result in a marked improvement in the situation. Thus, if targets were deployed throughout the ranch, and in a barrier of depth 3 km outside the ranch, the model predicts that the tsetse population on the ranch would be reduced to 0.03% of its carrying capacity. In terms of actual fly numbers, this means that if the original tsetse density had been 3000 km Ϫ2 the target operation would have reduced fly density to a value of 1 km Ϫ2 within six months.
Kagera Region, Tanzania
No detailed data on cattle distributions in Kagera were available, but the area potentially infested by tsetse may be approximated by a 100 × 25 km rectangle (cf. fig. 1 in Hargrove et al., 2000) . To the west of this area lies the Karagwe escarpment and to the east dense banana Insecticide-treated baits for tsetse control 211 The use of insecticide-treated cattle by the National Ranching Company (NARCO), and by owners of indigenous cattle in the Kagera Region, has had a much more dramatic effect on the disease situation than on Mkwaja. In the two years after the introduction of dipping with pyrethroids, cases of trypanosomiasis in the region dropped by more than 212 J.W. Hargrove et al. It was assumed that each cell started at 100% of the carrying capacity at the beginning of the year. The number in each cell is the estimated percentage of the carrying capacity remaining after a year's control using insecticide-treated cattle. Other boundaries and information as in fig. 6 , except that the double lines in the interior demarcate the regions over which the geometric mean of the tsetse population was calculated (see text). Input parameters: α = 0.08 km 2 day Ϫ1 ; r = 0.015 day Ϫ1 ; δ = 0.22 day Ϫ1 , given the presence in a given cell of a herd of 150 cattle. Fig. 9 . The relationship between the probability that a female tsetse fly finds a herd of cattle in a 1-km 2 of country on a given day and the resulting decline in the tsetse population on Mkwaja Ranch in one year. Results are shown for two levels of the fly's natural growth rate (r): r = 0.015 (-•-) and r = 0.0075 (--⅙--). For all simulations α = 0.08 km 2 day Ϫ1 . Inset: The predicted effect on the tsetse population of deploying 1, 2, 3 or 4 odour-baited insecticide treated targets in each km 2 of the ranch, given that each target kills 2% of the female population in that cell per day.
(200) (285) (345) (400) (445) (490) (530) Fig. 10 . The predicted effects of varying the rates of tsetse movement, and the probability of a fly contacting a herd of cattle, on the efficacy of insecticide-treated cattle as agents of tsetse control on Mkwaja Ranch, Tanzania. The abscissa is marked in terms of the diffusion coefficient (α) and also the more familiar 'daily step length' (λ) which are related by: λ = 2√α (Williams et al., 1992) . The increased probability of contacting a herd is associated with splitting each herd in half (see text for details).
an order of magnitude . On one of the NARCO ranches, where pyrethroid treatment was most extensively and rigorously applied, the decline approached two orders of magnitude over a similar period.
It is safe to assume that the tsetse population declined by at least this amount, but there are no hard entomological data that can be used to model the process. There is also uncertainty about the numbers of indigenous cattle that were treated with pyrethroids and there is no information on the grazing patterns for the various animals. Nonetheless, it is known that there were c. 27,000 cattle on the NARCO ranches and > 250,000 in the Bukoba and Karagwe districts of the region (data from Kagera Livestock Development Project, 1997). The number of insecticide-treated cattle present in the area at any given time lay somewhere between these very broad limits.
As a start to the modelling process the lower limit was chosen and it was assumed that the cattle were split into 180 herds, each with c. 150 animals, which grazed the whole 25,000 km 2 rectangle enclosing the NARCO ranches in a uniform distribution. This means that on any day there was only a 7% chance that a herd would have been in a given cell. This is markedly lower than the mean grazing density on Mkwaja (see fig. 6 ) and the predicted rate of decline is lower, if the tsetse population growth rates are assumed to be identical in the two situations ( fig. 13; curve a) .
If, however, the number of treated cattle was assumed to be 35,000, an increase of only 30%, the predicted tsetse Predicted tsetse (% of carrying capacity) Fig. 11 . The predicted effect of using odour-baited targets in addition to insecticide-treated cattle as a means of tsetse control on Mkwaja Ranch, Tanzania. The targets were assumed to be placed either within the ranch, in areas not grazed by the cattle (-•-), or in a 1-km band around the ranch boundary (--⅙--). Tsetse population (% of carrying capacity) Fig. 12 . The predicted effect of using odour-baited targets instead of insecticide-treated cattle as a means of tsetse control on Mkwaja Ranch, Tanzania. The targets were supposed to be placed either within the ranch only (-•-), or also in a 3-km band outside the ranch boundary (--⅙--). population fell by > 99% in three years of treatment ( fig. 13 ; curve c). Notice that there is now a 9% chance that there will be a herd in a given cell, still much lower than the mean figure for Mkwaja. The key difference is the lower rate of reinvasion in the Kagera Region. This factor also means that, whereas on Mkwaja, the introduction of insecticide-treated cattle saw a new tsetse population equilibrium set up within a year, in Kagera the mean population continued to decline for > 3 years ( fig. 13) . Hargrove et al. (2000) suggested that differential impact of insecticide-treated cattle in Mkwaja and Kagera could be due to differences in the natural growth rates in the two areas. Simulation indicates that the tsetse population in Kagera is much more sensitive to changes in its assumed natural growth rate. On Mkwaja, a halving in the tsetse population growth rate saw only a modest improvement in the control situation ( fig. 9 ). In Kagera, by contrast, a much smaller decrease in the growth rate, from 1.5 to 1.25% per day, saw an order of magnitude difference in predicted population after 3 years ( fig. 13 , compare curves a and b, and c and d).
Discussion
The simulations carried out in this study provide good descriptions of what actually happened in the experimental use of insecticide-treated cattle or odour-baited targets both in Zimbabwe and in Tanzania. The model developed thus appears to be a useful tool for predicting the outcome of tsetse control operations.
Practical implications Tsetse control
The present study underlines the importance of invasion as the major factor frustrating effective tsetse control. Two simple geometric factors are particularly noteworthy. First, for any given shape, the area:perimeter ratio of a control area increases with size. Consequently, the relative length of the perimeter is greater with small areas and invasion is inevitably a bigger problem. The greater level of control achieved in Kagera compared to Mkwaja and Mudzi may be attributed in part to this difference in scale, combined with the fact that invasion pressure was restricted to the short borders to the north and south of the ranches. Second, the inevitably patchy distribution of insecticide-treated cattle means that areas treated using this technique will tend to have an irregular shape. In contrast, operations using odour-baited traps or targets have fairly regular, compact shapes (e.g. Willemse, 1991; Hargrove, 2003) . Irregular shapes tend to have longer perimeters thereby increasing the area at risk from invasion.
The latter effect is aggravated by the fact that, as on Mkwaja, reliance on treated cattle can result in the existence of untreated 'islands' of tsetse within the treated area. In contrast, when artificial baits are used, the operator can ensure that the entire area is covered. The upshot is that small areas controlled using insecticide-treated cattle are inherently more susceptible to invasion than the equivalent area controlled using targets.
Trypanosomiasis control
The indications above might suggest that small-scale control operations using insecticide-treated cattle are doomed to failure. In several such operations, however, where there was indeed little effect on tsetse populations, there was a greater-than-expected effect on the incidence of tsetse-borne trypanosomiasis (Baylis & Stevenson, 1998; Hargrove et al., 2000; Rowlands et al., 2000) . Indeed, the operation at Mkwaja was judged a success in terms of disease control (Fox et al., 1993) .
The simulations presented here show that while the mean level of control on Mkwaja was only ~80%, there were apparently some cells where the density of tsetse was reduced by > 95%. These cells generally coincide with areas where cattle were particularly abundant, such as a cluster of kraals. Cattle presumably spend a greater proportion of their time near their kraals, and it is thus possible that they spend a greater proportion of their time in the cells where control is apparently greater. Thus, if the small-scale variation in control shown in the simulations reflects reality, then the present results may explain why the use of insecticidetreated cattle has a better-than-expected effect on disease. There are no published data showing that tsetse numbers are particularly reduced near the kraals of insecticide-treated cattle; an investigation of this question would be particularly worthwhile.
Barriers to re-invasion: the Mudzi experience
The Mudzi trial involved treating 5400 cattle grazing over an area of 428 km 2 , whereas simulations in this study only considered the 160 km 2 lying between the Ruenya and Nyamusandzura rivers grazed by just 2200 cattle, all treated at Zano dip. The remaining 3200 cattle were treated at Kapotesa and Nyamvu dips and these grazed 10-18 km and 20-25 km from the re-invasion front respectively and were thus outside the area where invasion occurred (Warnes et al., 1999.) .
The eastern limit of cattle herds in Mudzi was c. 5 km west of the eastern limit of the target barrier and it is thus not surprising that flies were found further west when the cattle barrier alone was in place. Catches from traps and flyrounds 1-5 km from the eastern edge of the cattle barrier were similar to catches at the same distance from the edge of the target barrier (Warnes et al., 1999, fig. 1 ). These catches, by themselves, did not therefore demonstrate that the cattle barrier failed.
The substantial increase in the prevalence of trypanosomiasis in cattle, especially those from Zano dip tank, was also to be expected since the removal of targets necessarily increased the exposure of cattle from the 'frontline' of the barrier to tsetse. The incidence of trypanosomiasis must therefore increase, since the insecticide does not confer any individual protection to the animal treated (Baylis et al., 1995; Vale et al., 1999) . The frontline cattle would, however, have killed the flies that contacted them and thereby protected cattle at some distance behind the barrier. It is also noteworthy that herds 5 km from the edge of the cattle barrier showed only a slight increase (3.3%; one animal) in prevalence for just one month over the trial period. The overall change in the trypanosomiasis situation, similarly then, does not necessarily show that the cattle barrier failed.
Nonetheless, the simulation suggests that, had the target barrier not been replaced in March 1997, tsetse would have invaded along the main rivers, where cattle were largely absent ( fig. 2 ). To this extent the simulation supports the conclusion of Warnes et al. (1999) that insecticide-treated cattle did not provide an effective barrier in this situation.
That is not to say that cattle could not be used as such a barrier. The problem is that cattle distribution is necessarily dictated by such considerations as grazing and water availability, rather than by the grand design of the tsetse control officer. If, because of the former considerations, the treated cattle are patchily distributed then it is unlikely that they will provide an effective barrier to re-invasion. Forcing the treated cattle into a distribution convenient for tsetse control may not be possible, let alone economically sensible or desirable. The problem might be overcome, however, by the additional judicious deployment of targets, which plug the gaps in areas of low cattle density.
One encouraging aspect of the simulations is that they suggest that, where the use of insecticide-treated cattle will not result in eradication, this will be evident quite quickly. Thus, on Mkwaja, introduction of the insecticide-treated cattle appeared to result in the establishment of a new population equilibrium within three months. Trials of the technique can thus be carried out in a short space of time and this is of major importance in economic terms. If there is no dramatic effect on apparent tsetse density within the first three months, and no obvious decline in disease incidence, then it can safely be concluded that there will be no dramatic decline thereafter.
Predicting the impact of control operations
The general simulation approach used here could be used to predict the outcome of putative tsetse control operations. For this purpose, the distribution of people and cattle would need to be estimated, possibly over large areas. In the present study the cattle distribution data were estimated from a variety of sources including quantitative data from cattle surveys, aerial photography, and herd tracking, and more qualitative data derived from interviews with cattle owners. The more costly labour-intensive techniques used here could not conveniently be used for large areas. However, two factors suggest that a simple system for estimating cattle distribution could be used.
First, most livestock owners in tsetse-infested areas of Africa keep their cattle in kraals near their homes at night and thus the cattle will tend to be where people are settled. Remotely derived images, such as aerial photographs, showing general patterns of human settlement will thus tend to indicate where kraals are located. Second, grazing cattle cannot range > 5 km from their night kraals; a 5 km range would entail a 10 km daily journey to be completed in c. 12 h leaving little time for adequate grazing, watering and ruminating. Thus a map of areas of settlement with a 5 km buffer probably provides an adequate indication of the area where cattle are located.
Estimates of livestock ownership, herd size and livestock management practices obtained from farmers during this study, using participatory research techniques, agreed with data obtained using more objective methods. Thus an analysis of aerial photographs of an area, combined with an appropriate socio-economic study, could provide the basic data for a simulation of various tsetse control options.
Variations in parameters affecting tsetse population dynamics
The present modelling exercise takes no account of changes in time and space of tsetse mortality, carrying capacity and rates of movement, all of which affect fly population dynamics. There are few data relating to such variation and it is therefore necessarily a matter of conjecture about their effect on the conclusions. Variation of growth and movement rates in modelling the Mkwaja experiment (figs 9 and 10) suggests, however, that 'ballpark' predictions of the model are only affected by gross changes in the input parameters.
This conclusion is supported by simulation studies using data from a target-based operation in the Rifa Triangle of Zimbabwe (Hargrove, 2003) . Thus, while tsetse populations declined more rapidly in the hot-dry season in this experiment, the decline was rapid at all times of the year and would have led to eradication across much of the treated area, regardless of climatic conditions. By the same terms, the simulation suggested that even much higher killing rates within the Triangle would not have resulted in major population declines at distances > 10 km beyond its borders. These conclusions were independent of all reasonable changes in rates of movement, growth and carrying capacity.
Thus, while it is clearly of interest to attempt to get the best possible information on seasonal and spatial variation in the parameters affecting tsetse population dynamics, work to date suggests that the model provides reasonable predictions of the likely outcome of operations using various bait methods of tsetse control.
Properly managed and appropriately applied, insecticidetreated baits are powerful weapons for tsetse control. But, as with all such weapons, their indiscriminate use, without due regard to potential levels of re-invasion and without an interactive approach, will often be disastrous from veterinary and economic points of view. Particular attention needs to be paid to problems of scale, coverage with baits of the infected area, and of likely rates of re-invasion.
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